Sorafenib is a multi-targeted agent and has been reported to have potent antitumor effects against various types of tumors, including human non-small cell lung cancer (NSCLC). In this study, we explored in vitro the antitumor effects of sorafenib alone and in combination with gemcitabine in epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI)-resistant human lung cancer cell lines and the related molecular mechanisms. The NSCLC cell lines A549 (mutant KRAS), H1666 (mutant BRAF) and H1975 (mutant EGFR-T790M) were treated with sorafenib and gemcitabine alone and in combination. The cytotoxicity was assessed by MTT assay, cell cycle distribution was analyzed by flow cytometry, and alterations in signaling pathways were analyzed by western blotting. We found that sorafenib exhibited dose-dependent growth inhibition in all three EGFR-TKI-resistant NSCLC cell lines. When sorafenib was combined with gemcitabine, synergistic activity was observed in the A549 and H1666 cells and antagonistic activity was observed in the H1975 cells. Sorafenib arrested the cell cycle at the G1 phase, whereas gemcitabine arrested the cell cycle at the S phase. Sorafenib inhibited C-RAF and p-ERK in the A549 cells and B-RAF and p-ERK in the H1666 and H1975 cells. The molecular mechanism of this synergism is that RAF/MEK/ERK which are activated by gemcitabine are efficiently suppressed by simultaneously administered sorafenib. By contrast, the mechanism of antagonism may be due to mutual interference with the cell cycle in the H1975 cells. In conclusion, we found that sorafenib exhibits antiproliferative effects in EGFR-TKI-resistant NSCLC cell lines and when combined with gemcitabine demonstrates synergistic activity in A549 and H1666 cells but antagonistic activity in H1975 cells.
Introduction
Lung cancer is the leading cause of cancer-related mortality worldwide, approximately 80% of which is non-small cell lung cancer (NSCLC) (1) . Currently, the traditional cytotoxic chemotherapy has reached a plateau with respect to efficacy, with limited survival benefits for advanced NSCLC patients.
Target-based therapies have improved survival rates in patients with a variety of cancers, including NSCLC. Certain epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs), including gefitinib and erlotinib, have been approved as second-line treatments for lung cancer. However, EGFR-TKIs have little effect in NSCLC patients with KRAS, BRAF or EGFR-T790M mutations (2) (3) (4) . The KRAS and BRAF mutations are tandem activating mutations in the RAS/RAF/MEK/ERK signaling pathway. Taken together, the KRAS or BRAF mutations may be present in approximately 50% of NSCLCs (5) . The EGFR-T790M mutation is associated with acquired resistance to EGFR-TKIs. Patients with this mutation are considered to be resistant to cytotoxic chemotherapeutic agents and unsuitable for EGFR-TKI treatment (6) . Therefore, there is an urgent requirement to identify new treatment strategies to improve the clinical efficacy of NSCLC therapy.
Sorafenib (BAY 43-9006) is an oral multi-kinase inhibitor that targets tumor growth, survival and angiogenesis. Sorafenib inhibits tumor cell growth directly by affecting Raf kinases, which are critical proliferation and cell survival signaling molecules downstream of RAS in the RAF/MEK/ERK signaling pathway. It also inhibits tumor angiogenesis and metastasis by decreasing the activity of the vascular endothelial growth factor receptor-2/3 (VEGFR-2 and VEGFR-3) and platelet-derived growth factor receptor-β (PDGFR-β) (7) . Studies have shown that sorafenib inhibits MEK and ERK phosphorylation and has a wide range of antitumor effects in various cancer cell lines and tumor xenografts (8) . Single-agent sorafenib has demonstrated clinical activity against NSCLC in the first-line setting (9) (10) (11) .
Currently, there is interest in assessing the efficacy of sorafenib given in combination with conventional cytotoxic chemotherapy agents. Gemcitabine is a pyrimidine nucleoside antimetabolite agent with a favorable toxicity profile, which is active against a variety of human malignancies, including NSCLC, and has been frequently used in combinatorial treatments with other anticancer agents (12) .
In the current study we examined in vitro the antitumor effect and related mechanisms of sorafenib combined with gemcitabine in EGFR-TKI-resistant NSCLC cell lines.
Materials and methods
Cell lines and chemicals. EGFR-TKI-resistant lung cancer cell lines A549 (mutant KRAS/wild-type EGFR), H1666 (mutant BRAF/wild-type EGFR) and H1975 (mutant EGFR-T790M/wild-type KRAS) were purchased from the American Type Culture Collection (Manassas, VA, USA) and were maintained in RPMI-1640 medium (Hyclone, Logan, UT, USA) with 10% heat-inactivated fetal bovine serum (Hyclone), 100 U/ml penicillin and 100 mg/l streptomycin at 37˚C in a 5% CO 2 atmosphere. Sorafenib was obtained from Bayer (Leverkusen, Germany) and gemcitabine was purchased as a commercial product from our hospital pharmacy.
Analysis of the antitumor effects of sorafenib and gemcitabine.
The MTT assay was used to determine the antitumor effects of each drug. Briefly, cells in 96-well plates were treated with escalating doses of sorafenib (0.78-25 µM) or gemcitabine (0.78-25 nM) for 72 h and then 20 µl MTT solution was added to 200 µl media in each well. The absorbance was determined at 490 nm after 4 h of incubation. The percentage of cell growth inhibition resulting from each drug was calculated as: (OD 490control cells -OD 490treated cells )/OD 490control cells x 100. This assay was repeated as more than three independent experiments.
Determination of a synergistic antitumor effect between sorafenib and gemcitabine. The A549, H1666 and H1975 cells were concurrently exposed to sorafenib and gemcitabine for 72 h. The combination drug dosing was carried out using constant ratios of the IC 50 values. Thus, the combination index (CI) value was calculated using 0.125, 0.25, 0.5, 1, 2 and 4 times the IC 50 values of sorafenib and gemcitabine combination doses. The CI values of the interactions between sorafenib and gemcitabine were analyzed according to the Chou and Talalay method using CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA). CI>1, CI=1 and CI<1 indicated antagonistic, additive and synergistic effects, respectively (13) .
Cell cycle analysis. Cell cycle analysis was conducted using flow cytometry. The A549, H1666 and H1975 cells were treated with sorafenib and gemcitabine as single agents or in combination using constant ratios of the IC 50 levels, harvested after 72 h and fixed in 80% ethanol on ice. All cell samples were kept in a -2˚C freezer until analysis by flow cytometry. Once the cells were removed from the freezer, 1 ml cold phosphate-buffered saline (PBS) was added and the samples were centrifuged. After washing with cold PBS twice, DNA staining was performed using a solution of propidium iodide (0.05 mg/ml) and RNase (2 mg/ml) for 30 min at room temperature. Cells were analyzed using a FACScan cytometer and the percentages of cells in the G1, S and G2/M phases of the cell cycle were estimated using Cell Lab Quanta SC Software.
Western blot analysis. A549, H1666 and H1975 cells (1x10 6 /well) were treated with sorafenib and gemcitabine as single agents and in combination for 72 h. The cells were washed with ice-cold PBS solution and scraped in lysis buffer. The lysates were centrifuged at 14,000 rpm for 30 min at 4˚C and the supernatant was collected. Equivalent amounts of proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. Appropriate primary antibodies to B-RAF, C-RAF, pAKT, AKT, pERK1/2, ERK1/2, Bcl-2 and β-actin, purchased from Cell Signaling Technology (Beverly, MA, USA), were used. Proteins were visualized with a horseradish peroxidase-coupled secondary antibody from Cell Signaling Technology. Specific bands were detected using an enhanced chemiluminescence reagent (ECL; PerkinElmer Life Sciences, Inc., Boston, MA, USA) on autoradiographic film and quantitated by densitometry.
Statistical analysis. Unless specified, the results are expressed as the mean ± SD of data collected from at least three independent experiments. The Student's t-test was used to determine the differences between control and treatment groups. P<0.05 was considered to indicate a statistically significant result.
Results

Antiproliferative effects of sorafenib and gemcitabine alone or in combination in EGFR-TKI-resistant NSCLC cells.
Sorafenib and gemcitabine showed a dose-and time-dependent antitumor effect in the A549, H1666 and H1975 cells ( Fig. 1 ). After 72-h exposure to sorafenib, the IC 50 values in the A549, H1666 and H1975 cells were 4.08±0.14, 5.52±0.53 and 2.54±0.01 µM, respectively. The IC 50 values of sorafenib in the three cells are within the clinically relevant concentration range for this drug (14) . We conclude that the EGFR-TKI-resistant NSCLC cells are sensitive to sorafenib. Table I summarizes the IC 50 values of gemcitabine and sorafenib.
When exposed to a combination of sorafenib and gemcitabine, synergistic activity was observed in the A549 and H1666 cells (CI<1), while antagonistic activity was observed in the H1975 cells (CI﹥1; Fig. 2 ).
Cell cycle effects of sorafenib and gemcitabine. Flow cytometry was used to evaluate the cell cycle phase distributions in the NSCLC cells following single-drug and concurrent administration of gemcitabine and sorafenib for 72 h. Following sorafenib treatment, the proportions of the A549, H1666 and H1975 cells in the G0/G1 phase were increased, relative to control values (P<0.05). With gemcitabine alone, the S phase fraction increased in the three cell lines (P﹤0.05; Fig. 3 ). When exposed to the combination of gemcitabine and sorafenib, the proportions of cells in the G0/G1 and S phases increased in the A549 and H1666 cells (P<0.05). However, in the H1975 cells, the proportion of cells in the G0/G1 phase increased and the proportion in the S phase decreased (Fig. 3 ).
Effects of sorafenib and gemcitabine alone or in combination on downstream signaling pathways.
We identified that gemcitabine upregulated the level of p-ERK in the three cell lines and increased the level of p-AKT in the H1975 cells at its IC 50 . When the A549 and H1666 cells were exposed to sorafenib at its IC 50 for 72 h, the levels of p-AKT, p-ERK and Bcl-2 were decreased compared with those of unexposed cells, while in H1975 cells, sorafenib decreased only the levels of p-AKT ( Fig. 4 ). We found that sorafenib inhibited C-RAF in A549 cells but B-RAF in H1666 and H1975 cells (Fig. 5 ).
In addition, we identified that when the A549 and H1666 cells were exposed to a combination of gemcitabine and sorafenib for 72 h, the levels of p-AKT, p-ERK and Bcl-2 were decreased compared with their levels in the control, whereas, in the H1975 cells, the combination of the two drugs increased the levels of p-AKT and p-ERK. However, there was no significant variation in the total ERK and AKT expression levels compared with the control (Fig. 4 ).
Discussion
Targeted anticancer drugs, including the EGFR-TKIs gefitinib and erlotinib, have been approved for the treatment of lung cancer. Patients with EGFR mutations may greatly benefit from treatment with EGFR-TKIs (15) (16) (17) . However, the presence of KRAS, BRAF and EGFR-T790M mutations are associated with primary or acquired resistance to EGFR-TKIs. The development of new treatment strategies for NSCLC patients is thus an important clinical goal.
There is multilevel cross-stimulation among the targets in lung cancer; when only one of these pathways is blocked others act as salvage or escape mechanisms for the cancer Figure 1 . MTT assays were used to examine the inhibitory activities of sorafenib and gemcitabine on cell proliferation. The cells were exposed to various concentrations of (A) sorafenib (0.78-25 µmol/l) and (B) gemcitabine (0.78-25 nmol/l) in A549, H1666 and H1975 cells for 72 h. Each data point is the result of more than three independent experiments. 
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cells. Anticancer agents that interfere at different stages may preclude an escape or salvage mechanism for the cancer cells and therefore be more effective than single-targeted agents (18) . The RAS/RAF/MEK/ERK and RAS/PI3K/PTEN/AKT pathways interact with each other to regulate growth and play key roles in the transmission of proliferative signals, in some cases contributing to tumorigenesis. In NSCLC, the activation of KRAS and BRAF leads to ERK1/2 overexpression through the RAF/MEK/ERK signaling pathway (19) (20) (21) . Hence, inhibition of the RAS/RAF/MEK/ERK signaling pathway is an important strategy in anticancer drug development. Sorafenib is a novel, multi-kinase inhibitor that targets tumor proliferation and tumor angiogenesis (7) . It has been approved for the treatment of advanced renal cell cancer (RCC) and is currently being evaluated for the treatment of other tumors. The present study was performed in EGFR-TKI-resistant A549 (mutant KRAS/wild-type EGFR), H1666 (mutant BRAF/wild-type EGFR) and H1975 (mutant EGFR-T790M/ wild-type KRAS) human lung cancer cell lines to investigate the antiproliferative effects of sorafinib as a single agent and in combination with gemcitabine. We found that sorafenib and gemcitabine exhibited dose dependent growth inhibition of cell growth when used as single agents to treat A549, H1666 and H1975 lung cancer cells. This suggests that sorafenib is efficacious for inhibiting growth in EGFR-TKI-resistant NSCLC cell lines. Synergism was observed when sorafenib was combined with gemcitabine in the A549 and H1666 cells, whereas antagonistic interactions were observed in the H1975 cells.
The synergistic and antagonistic effects may be explained by differences in the changes induced in the cell cycle. In our study, sorafenib arrested cells at the G1 phase and gemcitabine caused S phase accumulation in all three cell lines. When exposed to a combination of gemcitabine and sorafenib, the proportions of cells in the G0/G1 and S phases increased in the A549 and H1666 cells. We conclude that sorafenib and gemcitabine modulate the cell cycle phase independently of each other in A549 and H1666 cells and generated an additive effect, without disturbing each other. However, in the H1975 cells, the proportion of cells in the G0/G1 phase increased and in the S phase decreased. Sorafenib mainly arrested cells at the G1 phase, thereby interfering with the cytotoxic effects of gemcitabine in the S phase, resulting in decreased cytotoxicity.
The differences in the antiproliferative effects of sorafenib combined with gemcitabine may also result from their effects on growth signaling pathways. We identified that gemcitabine increased the levels of p-ERK in the A549, H1666 and H1975 cells and in the H1975 cells, p-AKT levels were also upregulated by gemcitabine. Similar to our results, a previous study reported that cell signaling pathways may be gradually activated by chemotherapy (22) . Phosphorylated ERK and AKT play important roles in tumor cell proliferation; gemcitabine induced ERK and AKT phosphorylation, leading to the prevention of apoptosis.
We have shown that sorafenib inhibited the activity of p-AKT, p-ERK and Bcl-2 in the A549 and H1666 cells after 72 h exposure, while in the H1975 cells, sorafenib downregulated the level of p-AKT but not the levels of p-ERK and Bcl-2. We conclude that sorafenib inhibited the expression of Bcl-2 in the A549 and H1666 cells, mainly due to its inhibition of the RAF/MEK/ERK downstream pathway. We also identified that sorafenib decreased the level of C-RAF in the A549 cells and of B-RAF in the H1666 and H1975 cells. These results are similar to those in a previous study which reported that sorafenib inhibits NSCLC cell growth by targeting B-RAF in KRAS wild-type cells and C-RAF in KRAS mutant cells. However, this previous study demonstrated that sorafenib failed to inhibit p-ERK in NSCLC cell lines with KRAS mutations (23) . The different results may be attributed to a shorter time of exposure to sorafenib.
When sorafenib was combined with gemcitabine, a significant decrease in p-AKT, p-ERK and Bcl-2 levels was observed in the A549 and H1666 cells, as compared with the control. We conclude that the RAF/MEK/ERK signaling pathways activated by gemcitabine may be blocked by sorafenib in Figure 4 . The effects of sorafenib and gemcitabine alone and in combination for 72 h on the expression levels of downstream signaling pathways in A549, H1666 and H1975 cells were evaluated by western blot analysis. G, gemcitabine; S, sorafenib; S+G, concurrent administration of sorafenib and gemcitabine. KRAS or BRAF mutant cells. This may be due to sorafenib inhibiting mutant RAS and RAF kinases and directly blocking the RAF/MEK/ERK pathway. However, the levels of p-AKT and p-ERK increased when sorafenib and gemcitabine were applied together to the H1975 cells, demonstrating that the downstream pathway activated by gemcitabine was not blocked by sorafenib in cells harboring a EGFR-T790M mutation. These observations of p-AKT, p-ERK and Bcl-2 in NSCLC cells may explain the synergistic or antagonist growth inhibitory effects observed in the three cell lines treated with sorafenib and gemcitabine.
In conclusion, we found that sorafenib exhibited significant growth inhibitory effects in EGFR-TKI-resistant NSCLC cells. Regardless of the mutation status of KRAS, BRAF or EGFR T790M, sorafenib was a treatment of choice against NSCLC. Moreover, sorafenib combined with gemcitabine generated synergistic effects in KRAS or BRAF mutant cells, and antagonistic effects in EGFR-T790M mutant cells. These data encourage the development of sorafenib as a single targeted therapy or in combination with cytotoxic chemotherapy drugs for treatment of NSCLC.
